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FOREWORD 
An exploratory experimental  and t h e o r e t i c a l  i nves t iga t ion  of  gaseous nuclear  
rocket technology i s  being conducted by the United Ai rc ra f t  Corporation Research 
Laboratories under Contract WW-847 with t h e  j o i n t  AEC-NASA Space Nuclear Propulsion 
Office. 
(USAF). 
September 15, 1964 and September 15,  1965 are descr ibed i n  t h e  following eleven 
r epor t s  ( including the  present  r epor t )  which comprise the  required t h i r d  Inter im 
Summary Technical Report under the  Contract : 
The Technical Supervisor of  the  Contract f o r  NASA is  Captain W. A. Yingling 
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The ore t i c a l  Invest i ga t  i on 
of the,  m a c i t y  of Heavy-Atom Gases 
A t h e o r e t i c a l  i nves t iga t ion  was conducted t o  determine the  composition, 
s p e c t r a l  absorpt ion coe f f i c i en t s  and Rosseland mean opac i ty  of gaseous nuclear  
fu-el and tungsten using a semi-empirical heavy-atom a n a l y t i c a l  model i n  order  
t o  obtain information appl icable  t o  gaseous nuclear  rockets .  
of t h e  nuclear  f u e l  were determined f o r  a range of values of each of t he  
following parameters which must be assumed i n  using t h e  heavy-atm model; 
i on iza t ion  p o t e n t i a l s ,  energy l e v e l  spacings, t o t a l  o s c i l l a t o r  s t r eng ths ,  and t h e  
r a t i o  of p a r t i t i o n  funct ions f o r  successive ion iza t ion  spec ies .  Included i n  
these  ranges of values were ca lcu la ted  ion iza t ion  p o t e n t i a l s  and p a r t i t i o n  
funct ion r a t i o s .  The g r e a t e s t  changes i n  Rosseland mean opaci ty  a t  a given 
pressure and temperature r e su l t ed  from the  ca l cu la t ed  changes i n  f u e l  ion iza-  
t i o n  p o t e n t i a l s .  The Rosseland mean opacity of gaseous tungsten was ca lcu la ted  
on the  b a s i s  of completely overlapped l i n e s  (which would r e s u l t  from l i n e  
broadening due t o  the  presence of a per turbing gas a t  i n f i n i t e  pressure) ,  and f o r  
f in i t e -wid th  s p e c t r a l  l i n e s  due t o  t h e  presence of spec i f i ed  values of hydrogen 
partial pressure .  
The c h a r a c t e r i s t i c s  
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CONCLUS IONS 
1. A change i n  the  ion iza t ion  po ten t i a l s  of gaseous nuclear  f u e l  from values of 
6 ,  10, 18, and 28 ev (which were assumed i n  the  preceding s t u d i e s )  t o  values 
of 6 ,  17, 39 and 66 ev (which represent t h e  l a t e s t  t h e o r e t i c a l  es t imates)  
r e s u l t s  i n  s u b s t a n t i a l  changes i n  the composition, s p e c t r a l  absorption 
coe f f i c i en t s  and Rosseland mean opaci ty  of t he  nuclear  f u e l .  
2 .  Subs tan t ia l  changes i n  t h e  r a t i o  of p a r t i t i o n  funct ions f o r  successive 
ionizat ion species  genera l ly  have a small e f f e c t  on t h e  composition, 
s p e c t r a l  absorption coe f f i c i en t s  and Rosseland mean opaci ty  of t h e  nuclear 
f u e l .  
3 .  Subs tan t ia l  changes i n  t h e  energy l e v e l  spacings and t o t a l  o s c i l l a t o r  
s t rengths  (which have no e f f e c t  on the  composition, according t o  the  heavy- 
atom model) r e s u l t  i n  a very small change i n  t h e  Rosseland mean opaci ty  of 
t h e  nuclear f u e l .  
4. The presence of hydrogen a t  high pressures  causes s u f f i c i e n t  broadening of 
t h e  s p e c t r a l  l i n e s  i n  low-pressure tungsten gas t o  f i l l  i n  a major por t ion  of 
t he  windows between t h e  s p e c t r a l  l i n e s .  The r e s u l t i n g  Rosseland mean opaci- 
t i es  of tungsten gas f o r  a hydrogen pressure of 1000 a t m  a r e  on the  order of 
half  of those with completely overlapped l i n e s .  
5 .  The grea tes t  unce r t a in t i e s  i n  t h e  s p e c t r a l  absorpt ion coe f f i c i en t s  ca lcu la ted  
from t h e  heavy-atom model occur a t  low wave numbers (long wavelengths). 
uncer ta in t ies  would have l i t t l e  e f f ec t  on the  Rosseland mean opac i t ies  of 
gaseous nuclear f u e l  a t  high temperatures,  bu t  may have a s u b s t a n t i a l  e f fec t  
on the  Rosseland mean opac i t i e s  of gaseous tungsten a t  low temperatures.  
These 
2 
INTRODUCTION 
Analy t ica l  s tud ie s  of the  f e a s i b i l i t y  and performance c a p a b i l i t y  of gaseous 
nuclear rocket engines, such as t h a t  described i n  Ref. 1, requi re  knowledge of 
t he  composition, s p e c t r a l  absorption coef f ic ien ts  and mean opaci ty  of the  f u e l ,  
seed and propel lan t ' spec ies  involved i n  order t o  determine t h e  temperature and 
heat  f l u x  d i s t r i b u t i o n s  within t h e  engine. The extreme complexity of the spectra  
and lack of r e q u i s i t e  atomic data (e.g. ,  ionizat ion po ten t i a l s ,  energy l e v e l s  ...) 
f o r  t he  heavy-atom nuclear  f u e l  and seed preclude an exact  t h e o r e t i c a l  determina- 
t i o n  of t h e  composition and o p t i c a l  propert ies  of these  gases .  Thus, i n  previous 
rad ian t  heat  t r a n s f e r  analyses of gaseous nuclear  rocket engines conducted a t  WRL, 
a semiempirical heavy-atom model (Refs. 2, 3,  and 4 )  was developed t o  estimate the 
p re requ i s i t e  gas proper t ies  of t he  nuclear f u e l .  
p roper t ies  a r e  subjec t  t o  unce r t a in t i e s  i n  t he  ion iza t ion  po ten t i a l s ,  energy l e v e l  
spacings,  t o t a l  o s c i l l a t o r  s t rengths  and a p a r t i t i o n  funct ion parameter used as 
input  model parameters. I n  addi t ion ,  these pred ic ted  gas proper t ies  may be in -  
cor rec t  a t  l o w  temperatures where vaporized heavy-atom seeds might be used t o  
augment hydrogen propel lant  opaci ty  because t h e  t h e o r e t i c a l  model w a s  intended f o r  
iise at. temperaturec gbnT,re a p p r n x i y ~ t e a  ~ O , O O O  E( (I~,OZO R )  i n  t h e  cccleai- ~ i t e i  
region.  Above a temperature of about 10,000 K t h e  continuum approximation used 
t o  ca l cu la t e  t h e  bound-bound s p e c t r a l  absorption coe f f i c i en t s  w a s  j u s t i f i e d  on t h e  
b a s i s  of s t rong  e lec t ron  broadening of d i scre te  l i n e s  ( R e f .  4 ) .  On t h e  o ther  hand 
below approximately 10,000 K, c o l l i s i o n  broadening by n e u t r a l  molecular and atomic 
hydrogen predominates but  i s  i n s u f f i c i e n t  t o  cause s t rong  l i n e  overlapping. 
f o r e ,  the continuum approximation i n  the  l i n e  region is  no longer  v a l i d  i n  the  
seed-propellant region. 
These estimated heavy-atom gas 
There- 
Based on t h e  preceding discussion,  it is  apparent t h a t  two areas of i nves t i -  
ga t ion  of t h e  t h e o r e t i c a l  heavy-atom model a r e  indicated.  
the work descr ibed herein a re :  To determine the s e n s i t i v i t y  of composition, 
s p e c t r a l  absorpt ion coe f f i c i en t s  and Rosseland mean opac i t ies  t o  changes i n  the  
model parameters and t o  ca l cu la t e  t h e  spec t r a l  absorpt ion coe f f i c i en t s  and 
Rosseland mean opac i ty  of vaporized tungsten using t h e  bas ic  heavy-atom model 
descr ibed i n  Ref. 4 bu t  modified t o  account f o r  i n su f f i c i en t  l i n e  overlapping i n  
t h e  bound-bound s p e c t r a l  region. 
Thus, t h e  object ives  of 
3 
AULYTICAL HEAVY-ATOM MODEL 
The composition, s p e c t r a l  absorpt ion coe f f i c i en t s  and Rosseland mean opac i t ies  
of heavy-atom gases previously employed i n  rad ian t  heat  t r a n s f e r  analyses of gas- 
eous nuclear rocket engines a t  UARL were based on a semiempirical heavy-atom model 
described i n  Refs. 2 ,  3 and 4. 
following paragraphs. 
A b r i e f  descr ip t ion  of t h e  model i s  given 'in the  
In t h e  model, each ion iza t ion  species  considered (e .g . ,  t he  neu t r a l  atom, 
s ing ly  ionized atom) cons is t s  of a number of equal ly  spaced energy l e v e l s  o r  term 
values designated by (En)i ,  between the  ground s t a t e ,  (Eo)i ,  and t h e  ion iza t ion  
p o t e n t i a l  of the ith ioniza t ion  species ,  Ii. 
shown i n  Fig.  1. Transi t ions a r e  allowed between a l l  energy l e v e l s  subjec t  t o  a 
spec i f ied  o s c i l l a t o r  s t r eng th  d i s t r i b u t i o n .  (The o s c i l l a t o r  s t r eng th  or f-number 
assoc ia ted  with a t r a n s i t i o n  i s  proport ional  t o  t h e  p robab i l i t y  t h a t  the  t r a n s i -  
t i o n  w i l l  occur.) 
depicted by the  quant i ty  (AE" , " , ) ,  i n  Fig.  1. Because d e t a i l e d  information about 
o s c i l l a t o r  s t rengths  f o r  bound-bound t r a n s i t i o n s  i n  heavy-atom elements i s ,  a t  
b e s t ,  meager, the o s c i l l a t o r  s t rength  dependence on photon energy described below 
was used f o r  each ion iza t ion  spec ies .  
A t y p i c a l  energy l e v e l  scheme is  
A representa t ive  t r a n s i t i o n  between energy l e v e l  n and n' is  
A hydrogenic d i s t r i b u t i o n  of o s c i l l a t o r  s t r eng th  per  u n i t  photon energy, 
df/dE, was assumed t o  apply i n  t h e  bound-free s p e c t r a l  region as i l l u s t r a t e d  
i n  Fig.  2 ,  t h a t  i s  
d f / d E  - I / E 3  (1) 
It w a s  assumed t h a t  df'/dE could be ex t rapola ted  i n t o  the  bound-bound s p e c t r a l  
region according t o  Eq. (1) up t o  a cut-off energy, (E'), ( see  F ig .  2 ) .  From 
E = 0 t o  E = ( E o ) ,  , df/dE was made constant .  The cut-off  i n  t h e  ex t rapola t ion  
a t  (E')i was ne.cessary t o  l i m i t  the  t o t a l  a r ea  under t h e  curve shown i n  Fig.  2 
t o  a value equal t o  t h e  t o t a l  o s c i l l a t o r  s t r eng th  as requi red  by t h e  o s c i l l a t o r  
s t rength  sum rule (Ref. 5 ) .  
The machine program f o r  ca lcu la t ing  heavy-atom gas proper t ies  as described 
i n  Ref. 4 requires th ree  parameters as input  f o r  each of t he  fou r  f u e l  ion iza t ion  
species  (F', F t  , Ftt  ,F  ) involved. These parameters a re :  t h e  ion iza t ion  
po ten t i a l s ,  energy l e v e l  spacings and t o t a l  o s c i l l a t o r  s t r eng ths .  I n  addi t ion  it 
i s  necessary t o  spec i fy  a s ing le  Value f o r  t h e  p a r t i t i o n  func t ion  parameter a s  
required by the Saha equations (Ref.5) which descr ibe  the  composition i n  terms 
of possible  ionizat ion species  derived by r e p e t i t i v e  ion iza t ion  of t h e  parent 
t t t  
4 
heavy-atom gas.  The Saha equations a r e  given by: I 
-!hA- Ne = KT3I2 G exp { - I i / k T }  
Ni  
I The quant i ty  G i n  Eq.  (2) i s  the  r a t i o  of t h e  p a r t i t i o n  funct ion f o r  ionizat ion species  i t i  t o  t he  p a r t i t i o n  funct ion f o r  i on iza t ion  spec ies  i : 
G = Q i + , / Q i  (3 
!The parameter G ,  as employed i n  the  machine program, i s  a constant  independent of 
i a t  a given temperature. 
I 
5 
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FlTEL CHARACTERISTICS DETERMINED FROM P M T R I C  STUDY OF HEAVY-ATOM MODEL 
The composition, s p e c t r a l  absorpt ion coe f f i c i en t s  and Rosseland mean opaci ty  of 
nuclear fuel determined by the heavy-atom model of Ref. 4 a re  a funct ion of t he  
absolute  values of severa l  input  parameters used t o  def ine the  model. To determine 
the  e f f e c t  of changes i n  these input  parameters on the ca lcu la ted  f u e l  charac te r i s -  
t i c s ,  a series of cases were evaluated i n  which the  values of these input  parameters 
were systematical ly  a l t e r ed .  
parameters employed i n  each case a re  given i n  Table I. 
ence case; values of parameters for t h i s  case a re  i d e n t i c a l  t o  those employed i n  
Ref. 4. 
'iweive cases were caicuiated;  vaiues of tine i r i p u i  
Case 1 i s  used a s  a r e f e r -  
Composition 
Four f u e l  ion iza t ion  species,  Fo,  F t ,  F f t ,  and Fttt  a r e  t r ea t ed  i n  the  composi- 
t i o n  subroutine of the heavy-atom model machine program. The C'ensities of these  
species  a t  any temperature and pressure a r e  determined by input t ing  ion iza t ion  poten- 
t i a l s  f o r  Fo, F t  and F t t  and a s ing le  value of  the  p a r t i t i o n  funct ion parameter. 
The composition i n  terms of i on iza t ion  species  i s  independent of t he  t o t a l  o s c i l l a -  
t o r  s t rengths  and the  energy l e v e l  spacings.  
values  of t he  model parameters on composition was determined only f o r  changes i n  the  
p a r t i t i o n  function r a t i o s  and ion iza t ion  po ten t i a l s .  
Therefore, the  e f f e c t  of changes i n  the  
Ef fec t  of Changes i n  P a r t i t i o n  Function Parameter 
A s  defined i n  the composition subroutine,  t h e  p a r t i t i o n  funct ion parameter G ,  
i s  a constant  and i d e n t i c a l  f o r  a l l  p a r t i t i o n  M c t i o n  r a t i o s  
where Q F t / Q F o , Q F + t / Q F t  and Q F + + + / Q F + +  are t h e  p a r t i t i o n  f lmct ion r a t i o s .  I n  addi- 
t ion ,  G i s  usually assumed t o  be independent of temperature. However, a temperature- 
dependent p a r t i t i o n  funct ion parameter was determined f o r  use i n  one s e t  of  calcula-  
t i ons  by d i r e c t l y  computing the p a r t i t i o n  func t ions  QFo, Q F + ,  QF++ and QF+++ f o r  
each ion iza t ion  species based on the energy l e v e l  d i s t r i b u t i o n  required by the model: 
6 
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I 
where 
(6) ( E n ) i  = n o i  ; n = 0 ,  1 , 2 ,  3 . . . ( I i  / a i  1 - I 
The four partition functions calculated by direct summation according to Eq. (5) are 
plotted in Fig. 3 as a function of temperature. 
ratios calculated from the results of Fig, 3 are plotted in Fig. 4 as a f'unction of 
temperature. 
parameter G, the ratios given in Fig. 4 were averaged at each temperature of inter- 
est as follows: 
Similarly, the partition function 
Because the machine program requires only a single value for the 
Q Q Q ttt 
G = I {Gt- t -L} Q F t t  
Q F +  
3 (7) 
The results of this averaging are shown in Fig. 5 as a function of temperature and 
were used to compute the fuel composition. Also plotted in Fig. 5 are the tempera- 
ture independent partition function parameters employed in Case 1, the reference 
case, and Case 7. 
parameter by a factor of 5. 
Case 7 represents an arbitrary change in the partition f'unction 
The values of the partition f'unction parameter described for Cases 1, 7 and 10 
were used with a consistent set of ionization potentials, energy level spacings and 
total oscillator strengths f o r  all three cases (see Table I) to compute the composi- 
tion, spectral absorption coefficients and Rosseland mean opacity for a total pres- 
sure of 1000 atm. The composition results are illustrated in Fig. 6. "he differ- 
ences in composition resulting from the parametric values used for Case 10 as com- 
pared to Case 1 are not significant. For example, at 40,000 K the density of Ft is 
of the order 1.3 x 10l8 cm-3 for Case 1 (G = 1) compared with a value of 1.0 x 1018 
cm-3 for Case 10 (G = 1.07). 
between Cases 1 and 10 are greater since the differences in values of G in Case 1 
and 10 are greater. 
and 7 ( G , / G ,  = 5.0) was expected to give correspondingly large differences in com- 
position as confirmed by the results shown in Fig. 6. 
For higher temperatures the differences in composition 
Conversely, the relatively large ratio between G's for Cases 1 
Effect of Changes in the Ionization Potentials 
A s  stated previously, the composition also depends upon the values selected for 
the ionization potentials of species Fo, F t  and 
respect to all parmeters except the ionization potentials (see Table I) were used 
to ascertain the effect of change in ionization potentials upon the gas composition. 
Ft t  . Three cases identical with 
7 
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I Effect of Changes in Energy Level Spacings 
These are Cases 1, 11 and 12. 
that the ionization potentials for successive ionization species were arbitrarily 
made equal to twice the value of the preceding ionization species. 
potentials used in Case 12, on the other hand, represent current estimates of the 
first four ionization potentials for the nuclear fuel (uranium) as described in 
Ref. 6. 
Figs. 7 to 9 for total pressures of 100, 500 and 1000 atm respectively. 
for Case 11 are not shown on these figures but would lie between the curves for 
Cases 1 and 12 at any given temperature. 
tion potentials for Fo, F t  and 
any temperature as is shown in Figs. 7 to 9. 
ployed in Case 12 delay the appearance of a specific ionization species at any given 
temperature. 
ionization potentials exert more pronounced influence on the fuel composition than 
do changes in the partition function parameter. 
Case 11 differed from Case 1 (the reference case) in 
The ionization 
Comparisons of the composition results for Cases 1 and 12 are made in 
The results 
The increase in magnitude of the ioniza- 
F t t  results in marked charzges in the composition at 
The higher ionization potentials em- 
Comparing Fig. 6 with Figs. 7 to 9, it is evident that changes in the 
Summary of Effects of Changes in Parameters on Composition 
The composition was appreciably altered by changes in the ionization potentials 
and to a lesser degree by changes in the partition functions parameter. 
of introducing a temperature dependent partition function parameter on composition 
was negligible, 
The effect 
Because the energy level spacings and total oscillator strengths do not enter 
the equations f o r  composition, no changes in composition were evident for Cases 2 to 
6 and 8 and 9. 
tical with Case 1. 
The composition results for these Cases (2 to 6, 8 and 9) are iden- 
Spectral Absorption Coefficients 
The spectral absorption coefficients of the nuclear fuel estimated by means of 
the heavy-atom model are based on specification of the complete set of model param- 
eters. 
in Table I at temperatures of 20,000 K, 60,000 K and 100,000 K for a total pressure 
of 1000 ab. The results of these calculations for the 12 cases are compared in 
Fig. 10 for 20,000 K, Fig. 11 for 60,000 K and Fig. 12 for 100,000 K. 
should be made to Table I fo r  the parametric variations associated with each case.) 
The spectral absorption coefficients were calculated for all 12 cases listed 
(Reference 
Cases 1 to 3 involve changes in the energy level spacing a i ,  from 0.4 to 0.05 
ev. Ionization potentials, total oscillator strengths and the partition function 
parameter are the same in Cases 1 to 3. As shown in Figs. 10 to 12, no significant 
differences occur in the spectral absorption coefficients as a result of 
a 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
1 
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these changes i n  the  energy l e v e l  spacing parameter. (S l igh t  increases  i n  the spec- 
t r a l  absorption coe f f i c i en t s  occur a t  wave numbers below approximately 10,000 cm-1, ) 
Effec t  of Changes i n  Total  Osc i l la tor  Strengths 
Cases 4 t o  6 d i f f e r  from Cases 1 t o  3 i n  t h a t  the t o t a l  o s c i l l a t o r  s t rengths  
were reduced from a value of 2 t o  a value of 1, while the  energy l e v e l  spacings were 
decreased a s  i n  Cases 1 t o  3 from 0.4 t o  0.05 ev. Since the area under a p l o t  of 
absorption coe f f i c i en t  against  wave number i s  proport ional  t o  the  t o t a l  o s c i l l a t o r  
s t rength,  the  s p e c t r a l  absorption coef f ic ien ts  f o r  Cases 4 t o  6 were expected t o  l i e  
somewhat below those f o r  the  reference case. The r e s u l t s  shown i n  Figs.  10 t o  12 
exh ib i t  t h i s  behavior. The s l i g h t  increase i n  the  s p e c t r a l  absorption coe f f i c i en t s  
with a decrease i n  l e v e l  spacing a t  wave numbers below approximately 10,000 cm-l 
noted i n  Cases 1 t o  3 i s  a l s o  evident i n  Cases 4 t o  6 .  
Effec t  of Changes i n  P a r t i t i o n  Function Parameter 
Case 7 d i f fe red  from Case 1 i n  t h a t  the p a r t i t i o n  f’unction parameter G ,  w a s  
(The e f f e c t  of t h i s  parametric change on composition 
Although t h e  s p e c t r a l  ahanrpt icr?  cseffizient is not  
increased by a f ac to r  of 5 .  
was i l l u s t r a t e d  i n  Fig. 6 . )  
d i r e c t l y  r e l a t ed  t o  the  p a r t i t i o n  function parameter, the  e f f e c t  of a change i n  t h i s  
parameter on absorption coe f f i c i en t s  is  re f lec ted  through the a l t e r e d  composition. 
A t  20,000 K (see Fig. lo), the  s p e c t r a l  absorption coe f f i c i en t  i s  seen t o  be reduced 
by a f a c t o r  of approximately 1.8 i n  a wave number i n t e r v a l  between 1000 cm-1 and ap- 
proximately 15,000 cm-1. Because the  t o t a l  o s c i l l a t o r  s t rengths  assumed f o r  Cases 1 
and 7 a r e  i d e n t i c a l ,  the  s p e c t r a l  absorption coe f f i c i en t s  f o r  Case 7 must exceed 
those f o r  Case 1 over p a r t  of the  spec t r a l  range. The curves f o r  Cases 1 and 7 do 
i n t e r s e c t  a t  a wave number of approximately 36,000 cm-l- a s  shown i n  Fig. 10. 
36,000 cm-l t h e  spec t r a l  absorption coef f ic ien ts  f o r  Case 7 exceed those f o r  Case 1 
a s  required by the o s c i l l a t o r  s t rength  sum r u l e  ( r e f .  5 ) .  
100,000 K (Fig. l2), the  absorption coef f ic ien ts  f o r  Case 7 and Case 1 are  e f fec-  
t i v e l y  i d e n t i c a l .  
approximately 60,000 K, 
absorpt ion coe f f i c i en t  ( see  Fig. 6 ) .  
d e n s i t i e s  f o r  F i n  Cases 1 and 7 a r e  the same. 
Beyond 
A t  60,000 K (Fig. 11) and 
This agreement i s  due t o  t he  f a c t  t ha t ,  above temperatures of 
Fttt i s  the  dominant ion iza t ion  species cont r ibu t ing  t o  the  
Above approximately 60,000 K the  p a r t i c l e  
ttt 
Effec t  of Multiple Changes i n  Energy Level Spacings and Total  Osc i l l a to r  Strengths 
I n  Case 8, each ion iza t ion  species was assigned a d i f f e r e n t  value f o r  t he  
energy l e v e l  spacing while i n  Case 9 each ion iza t ion  species was assigned a d i f f e r -  
en t  value f o r  the  t o t a l  o s c i l l a t o r  strength.  A l l  o ther  parameters were i d e n t i c a l  
t o  those used i n  Case 1 (see Table I).  The s p e c t r a l  absorption coe f f i c i en t  r e s u l t s  
a r e  shown i n  Figs. 10 t o  12 f o r  temperatures of 20,000, 60,000, and 100,000 K a t  a 
t o t a l  pressure of 1000 atm. A t  a temperature of 20,000 K and f o r  wave numbers l e s s  
than approximately 20,000 cm-l, the r a t i o  of the  spec t r a l  absorption coe f f i c i en t  
9 
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for Case 8 to the spectral absorption coefficient for Case 9 is about 3.7 (see 
Fig. 10). As seen in Fig. 6, the principal species contributing to the spectral ab- 
sorption coefficient at a temperature of 20,000 K are Fo and F t  . 
for Cases 1, 8, and 9 are identical.) Therefore, the marked decrease in the absorp- 
tion coefficient in Case 9 is attributed to the reduced values used for the total 
oscillator strengths for Fo and F' (see Table I). At temperatures of 60,000 K and 
100,000 K (Figs, 11 and 12, respectively) the spectral absorption coefficients for 
Cases 8 and 9 are essentially equivalent at all wave numbers. For these tempera- 
tures, the dominant species contributing to the absorption coefficient is Ft t t  as 
shown ir. Fig. 6. 
Cases 8 and 9, thus no appreciable difference in spectral absorption coefficient is 
evident. 
(The composition 
The total oscillator strength for species F"' is the same in 
Effect of Changes in Ionization Potentials 
Cases 11 and 12 are similar and involve changes in the assigned ionization 
potentials for ionization species FO, F', F", and Fttt .  Case 11 was a preliminary 
attempt to assess the effect of changes in ionization potentials on the composition 
and spectral properties prior to receipt of the theoretical estimates of these 
quantities which are presented in Ref. 6. The spectral data (absorption coefficient 
vs. wave number) for Case 12, based on the current estimate for the ionization poten- 
tials given in Ref. 6, are plotted for three temperatures (10,000, 50,000, and 
100,000 K) for a total pressure of 100 atm in Fig. 13, 500 atm in Fig. 14, and 1000 
atm in Fig. 15.  
parison. The differences in spectral absorption coefficients between Cases 1 and 12 
(between Cases 1 and 11 also) are attributable to the change in the fuel compcsition 
and oscillation strength distribution with wave number which results from the higher 
ionization potentials employed in Case 12. 
and at a pressure of 1000 atm (see Fig. 15), the particle densities of Fo and Ft  are 
approximately equal for Cases 1 and 12 (see Fig. 9). Because the potentials employ- 
ed in Case 12 considerably exceed those used in Case 1 (see Table I), the effective 
oscillator strength per unit wave number is reduced for Case 12, thereby causing the 
decrease in spectral absorption coefficients in the bound-bound region over those 
for Case 1. Since the area under the curve must be identical for both cases (the 
same oscillator strength was used for Cases 1 and 12), the spectral absorption co- 
efficient for Case 12 becomes greater than that for Case 1 above a wave number of 
approximately 30,000 cm-l. 
and 100,000 K; the same reasoning applies. 
Corresponding data for Case 1 (reference case) are shown for com- 
For example, at a temperature of 10,000 K 
Similar results are observed for temperatures of 50,000 
Summary of Effects of Changes in Parameters on Spectral Absorption Coefficients 
In summary, the following observations are made with respect to the effect Of 
changes in model parameters on the spectral absorption coefficients; 
10 
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1. At high temperatures and for wave numbers less than approximately 100,000 
em-1 the only significant effects on spectral absorption coefficients re- 
sult from changes in the total oscillator strengths and ionization poten- 
tials. 
2 .  At high temperatures and for wave numbers greater than approximately 
100,000 em-‘ the only significant changes in spectral absorption coeffi- 
cients occur as a result of changes in the ionization potentials. 
3. At low temperatures, only limited effects are observed in the spectral ab- 
sorption coefficients at wave numbers greater than approximately 100,000 
em-1 for all parametric changes except for changes in the ionization poten- 
tials or the partition function parameter. 
proximately 100,000 em-1, changes in the ionization potentials, level spac- 
ings and, to a limited extent, partition functions have a limited effect 
on the spectral absorption coefficients. 
At wave numbers less than ap- 
Rosseland 
l7n.P- - L 
UIICC C, of Changes in iviodei Parameters 
The Rosseland mean opacity is defin 
3) :  
where 
and 
Mean Opacity 
d by the following equations (Refs. 2 an 
2 3  2hc w E, = 
e hcw/kT - I  
2 3 4  hcw/kT 
dE, - 2h c w e 
aT 
- . .  
hcw/kT 2 
k T 2  ( e  - 1 )  
I 
(9) 
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Effect of Spectral "Windows" 
I 
For each case (1 through 12), the Rosseland mean opacity was calculated for several 
temperatures between 10,003 K and 100,000 K. These calculated results are summar- 
ized in Table I1 as the ratio of Rosseland mean opacity for any particular case to 
that for the reference case, Case 1: oR , For Case 1, however, the 
actual magnitudes calculated for the Rosseland mean opacity are listed. 
As shown in Table 11, no significant differences in Rosseland mean opacity are 
For Cases 7, 11 observed (ratios near 1.0) for Cases 2 through 6 and 8 through 10. 
and 12 appreciable changes in the Rosseland mean opacity are noted. The results for 
these cases, O , / ( O , )  CASE , vs. T are illustrated in Fig. 16. At a temperature of 
20,000 K, approximately 86 percent of black-body energy is at wave numbers above 
25,000 em-1; therefore, parmetric variations which change the spectral absorption 
coefficients above a wave number of about 25,000 crn-1 should exert the greatest in- 
fluence on Rosseland mean opacity. The spectral absorption coefficients are plotted 
in Fig. 10 for a temperature of 20,000 K. The slight increase in spectral data 
for Case 7 above the 25,000 cm-1 limit compared with that for Case 1 gives rise to 
the slightly greater Rosseland mean opacity: o R / ( a R ) c A s E ,  - 1.43. The same 
argument applies to Cases 11 and 12. 
At 60,000 K, approximately 74 percent of the black-body energy is in the spec- 
tral region above a wave number of about 100,000 cm-l. 
Cases 11 and 12 have spectral absorption coefficients greater than those for Case 1 
above the 100,000 cm-1 limit. As a result, the Rosseland mean opacity ratio, shown 
in Fig. 16, is appreciably greater than unity for Cases 11 and 12 but not for Case 7. 
Similar results apply for higher tmperatures. 
As shown in Fig. 11, only 
Rosseland mean opacity is plotted as a function of temperature in Fig. 17 for 
100, 500 and 1000 atm. At a temperature Cases 1 and 12 at three total pressures: 
of 100,000 K, the Rosseland mean opacity f o r  Case 12 is greater than that for Case 1 
by a factor of about 7.1 for all pressures. 
decreases as the teaperature is decreased, the factor being of the order of 1.3 at 
a temperature of 20,000 K. 
mate of fuel opacity. 
This ratio of Rosseland mean opacities 
Case 12 currently represents the best available esti- 
As a supplement to the study of the effect of changes in model parameters on 
the composition, spectral absorption coefficients and Rosseland mean opacity of 
nuclear fuel, based on the heavy-atom randel, a preliminary analysis was made to as- 
certain the effect on Rosseland mean opacity of different distributions of absorp- 
tion coefficient with wave number in the bound-bound spectral region. In Fig. 18, 
the three absorption coefficient distributions used in the analysis are illustrated 
(absorption coefficient without stimulated emission vs. wave number). The total 
oscillator strength (proportional to the total area under the curve) was the same 
for each distribution. In addition, the partial oscillator strengths assigned to 
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I 
were identical for each distribution. Distribution A is analagous to that generated 
by the heavy-atom model for a specified ionization species at any arbitrary tempera- 
ture (see Fig. 2). 
in the bound-bound region. 
Distributions B and C represent inclusion of spectral "windows" 
The Rosseland mean opacity was computed for each spectral absorption coeffi- 
cient distribution in Fig. 18 based on the assumption that these distributions were 
constant with temperature. 
spectral absorption coefficient prior to computations of the Rosseland mean opacity 
does impart a degree of temperature dependence. The Rosseland mean opacities cor- 
responding to the three spectral distributions of Fig. 18 are plotted in Fig. 19 as 
a function of temperature. Except for a small difference in the Rosseland mean 
opacity at 10,000 K which decreases as the temperature is increased, no appreciable 
change occurred in the Rosseland mean opacity as a result of including spectral 
"windows" in the bound-bound region, 
at higher wave numbers (to simulate Itwindows" in a highly ionized species), the 
general characteristic differences shown in Rosseland mean opacity for 10,000 K 
would also be present at higher temperatures. However, the differences shown for a 
temperature of 10,000 K are small. 
However, inclusion of stimulated emission factors in the 
If these "windows" were placed in the spectrum 
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OPTICAL PROPERTIES OF GASEOUS TUNGSTEN SEEDS 
The propellant i n  a gaseous core nuclear  rocket m u s t  be s u f f i c i e n t l y  opaque t o  
A t  high pressures  and a t  temperatures below approxi- 
absorb almost a l l  of  the  thermal r ad ia t ion  approaching t h e  r eac t ion  chamber W a l l s  
from the nuclear f u e l  region. 
mately 8000 K (14,400 R ) ,  the  hydrogen propel lant  i s  e s s e n t i a l l y  t ransparent  t o  
thermal radiat ion;  hence, an opaque seeding agent is required t o  augment t h e  pro- 
pe l lan t  opacity. Thus add i t iona l  opaci ty  might be provided by a mater ia l  such as 
tungsten. 
small condensed p a r t i c u l a t e  matter and above i t s  boi l ing  point  as a vapor having 
l i n e  and continuum s p e c t r a l  absorption. The s p e c t r a l  absorpt ion coe f f i c i en t s  of 
small s o l i d  tungsten p a r t i c l e s  were estimated and reported i n  Refs. 7, 8, 9, and 10. 
Preliminary estimates of t he  s p e c t r a l  absorpt ion coef f ic ien ts  of tungsten vapor, 
based on the heavy-atom model described i n  R e f .  4, axe presented and discussed i n  
t h e  following sec t ion  of t h i s  repor t .  
Tungsten would provide opaci ty  below i ts  bo i l ing  poin t  (about 5645 K) as 
Effec t  of Non-Overlapping Lines on Mean Opacity 
As was indicated i n  a previous sec t ion  of t h i s  report, t h e  heavy-atom model 
described i n  Ref. 4 u t i l i z e s  a continuum approximation f o r  t he  bound-bound s p e c t r a l  
absorption coef f ic ien ts .  A t  temperatures above approximately 10,000 K, the  con- 
tinuum approximation was j u s t i f i e d  on t h e  basis of s t rong  e l ec t ron  broadening of t h e  
individual  spec t r a l  l i n e s  as was discussed i n  Ref .  4. 
broadening predicted, adjacent s p e c t r a l  l i n e s  i n  the  model were s t rongly  overlapped. 
Thus, individual  l i n e  contours were of no relevance i n  t h e  bound-bound s p e c t r a l  
absorption coef f ic ien t  ca lcu la t ions .  The d i s c r e t e  s t ruc tu re ,  exhib i t ing  marked wave 
number dependence normally assoc ia ted  wi th  the l i n e  region of t h e  spectrum, w a s  
replaced by a continuum which var ied  slowly wi th  wave number. 
As a r e s u l t  of t h e  e lec t ron  
I n  the  temperature region appl icable  t o  gaseous seed-propellant mixtures (below 
approximately 8,000 K), c o l l i s i o n  broadening by atomic and molecular hydrogen pre- 
dominates r a t h e r  than e lec t ron  broadening. 
mater ia l  is  negl igible  s ince  t h e  dens i ty  of seed ma te r i a l  i s  small compared t o  the  
densi ty  of t h e  hydrogen propel lant .  Maximum estimated half-widths based on c o l l i -  
s ion  broadening a r e  of t h e  order  of 6 cm-1 as compared t o  separa t ion  between l i n e s  
of t h e  order  of 50 cm'l (see following sec t ion ) ,  thus s t rong  l i n e  overlapping does 
not Occur. 
tinuum approximation used i n  t h e  heavy-atom model no longer  appl ies .  
Resonance ( s e l f )  broadening i n  t h e  seed 
As a r e s u l t ,  d i s c r e t e  l i n e  s t r u c t u r e  should be evident and t h e  con- 
The heavy-atom model (assuming completely overlapped l i n e s )  may be used t o  
estimate an upper l i m i t  f o r  t h e  Rosseland mean opac i ty  of gaseous tungsten seed. 
TO correc t  t h i s  Rosseland mean opac i ty  f o r  non-overlapping l i n e  e f f e c t s ,  t h e  follow- 
ing treatment and correct ion f a c t o r s  were devised. The e f f e c t  of t h e  r a t i o  of l i n e  
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half-width t o  l i n e  spacing, T I S ,  f o r  equally-spaced, equal strength,  adjacent l i n e s  
defined i n  terms of the  mean f r e e  path was computed (see equations - Fig. 20). T h i s  
r a t i o ,  ;/a, i s  approximately equivalent t o  t he  r a t i o  of t he  Rosseland mean opacity 
with d i sc re t e  l i n e s  t o  the  Rosseland mean opacity based on a continuum approximation 
( 
Fig. 20. Also presented i n  Fig. 20, is the r a t i o  of the  minimum value of the spec- 
t ra l  absorption coef f ic ien t  between two adjacent l i n e s  t o  the  corresponding maximum 
value of the absorption coef f ic ien t  occurring a t  a l i n e  center.  
I on the r a t i o  of t he  average l o c a l  mean opacity t o  the  average l o c a l  mean opacity 
T I S  >> 1) f o r  the l i n e  region of the spectrum. A p l o t  of 5 h is  presented i n  
The r e s u l t s  of Fig. 20 show t h a t  f o r  I ' I S  equal t o  0.45, the  r a t i o  of the mini- 
nun t o  maximum absorption coef f ic ien t  is approximately 0.75. 
s l i g h t  l i n e  s t ruc tu re  evident ( indicated by 
the Rosseland mean opacity ( t h a t  is 6/6 -" 1). 
pronounced l i n e  s t ruc ture ,  the Rosseland mean opacity with l i n e  s t ruc tu re  included 
becomes much l e s s  than that calculated assuming completely overlapped l i nes .  
The value of ; / E  a t  
Tis= 0.45 is  approximately 1.0. Therefore above a T I S  of approximately 0.45, the 
/(a,)MAx 2 0.75) does not a f f e c t  
As T I S  decreases, indicat ing a more 
As  a prerequis i te  t o  the  determination of t h e  d i sc re t e  l i n e  e f f e c t  i n  the  
bound-bound region of gaseous tungsten, a review of t he  current l i t e r a t u r e  was made 
t o  determine average l i n e  spacing i n  heavy-atom elements. 
t iga ted ;  hafnium, molybdenum, niobium, and tungsten. 
wave number associated with each of the elements l i s t e d  above a r e  tabulated i n  
Ref. ll. 
were determined and an average l i n e  spacing i n  each 1000 cm-l i n t e r v a l  w a s  computed. 
These r e s u l t s  a r e  p lo t t ed  i n  Fig. 21. 
horizontal  l i n e s  a re  the  o v e r a l l  average value of the l i n e  spacing i n  the  t o t a l  wave 
number i n t e r v a l  i n  which the  known l i n e s  are observed (e.g., f o r  tungsten, S = 32). 
From Ref. 12, data f o r  t he  t o t a l  number of l i n e s  i n  each species i n  a given wave 
number i n t e r v a l  independent of i n t e n s i t y  assignments a r e  reported. The average l i n e  
spacing i n  the  t o t a l  wave number i n t e r v a l  based on these data a r e  indicated by 
hor izonta l  l i n e s  t o  the  l e f t  of the  curves i n  Fig. 21  (e.g., f o r  tungsten, S 2 13). 
Since more l i n e s  a r e  reported i n  the  l a t t e r  case, t he  ove ra l l  average l i n e  spacings 
based on these  data a r e  somewhat l e s s  t h a n  those calculated from Ref. ll. The data 
f o r  hafnium, molybdenum, niobium and tungsten a r e  l i s t e d  i n  Table I11 along w i t h  
o ther  per t inent  propert ies .  Additional data  f o r  o ther  elements under consideration 
as possible  seeding agents a r e  a l s o  tabulated f o r  reference.  
Four elements were inves- 
Lines of known in t ens i ty  and 
The number of l i n e s  appearing i n  each wave number i n t e r v a l  of 1000 cm-l 
Also indicated on the  r i g h t  of the  graph by 
( I  
A comparison was a l so  made of the spec t ra l  absorption coef f ic ien ts  of tungsten 
a t  a temperature of 5000 K (based on the  heavy-atom model) and the  i n t e n s i t i e s  of 
hafnium, molybdenum, niobium, and tungsten measured i n  an arc  a t  5100 K and reported 
i n  Ref. 11. These data a r e  i l l u s t r a t e d  i n  Fig. 22 as a function of wave number. 
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It should. be noted t h a t  t he  s p e c t r a l  absorpt ion coe f f i c i en t s  i n fe r r ed  by t h e  
l i n e  i n t e n s i t y  da ta  a t  wave numbers below approximately 24,000 cm-1 are much l e s s  
than those predicted by t h e  heavy-atom model. 
t o  determine the t r u e  absorpt ion i n  t h i s  s p e c t r a l  region because these  s p e c t r a l  
absorpt ion coef f ic ien ts  a r e  the  primary cont r ibu tors  t o  t h e  Rosseland mean opac i ty  
a t  low temperatures. 
Therefore, it is  extremely important 
An add i t iona l  considerat ion i n  se l ec t ing  mater ia l s  as poss ib le  seeding agents 
i s  t h e  e f f e c t  o f  t he  seed ma te r i a l  on nuclear  c r i t i c a l i t y .  
cross-sect ion d a t a  ( R e f .  13) for possible  seeding agents as a funct ion of t he  
average l i n e  spacing i s  presented i n  Fig. 23. 
A summary of t h e  nuclear  
Ratio of Line Half-Width t o  Line Spacing i n  Gaseous Tungsten 
The ha l f -wid th  of a c o l l i s i o n  broadened l i n e  i s  given by (Ref. 14):  
Where 
the  p o t e n t i a l  funct ion coe f f i c i en t  Pop i s  of t he  order  of 1.13 x 10-33 cm6/sec; f o r  
tungsten-molecular hydrogen in t e rac t ions ,  P a p  is  of the  order  of 1.40 x 10-33 cm6/sec. 
The r e l a t i v e  veloci ty  for the  tungsten-atomic hydrogen system i s  given by: 
i s  t h e  l i n e  half-width i n  cm-l. For tungsten-atomic hydrogen i n t e r a c t i o n s  
2 3/10 < V a p P I 5  = 3.08 x IO T 
Similar ly ,  t he  r e l a t i v e  ve loc i ty  for the  tungsten-molecular hydrogen system i s  given 
by: 
2 3/10 < Vt3p>3/5 = 2 .50  x IO T 
Equations (11) through (13) were used t o  compute t h e  l i n e  half-width of a t y p i c a l  
tungsten l i n e  broadened by both atomic and molecular hydrogen as a func t ion  of tem- 
perature  and t o t a l  hydrogen pressure.  Because of low tungsten d e n s i t i e s  t y p i c a l l y  
used f o r  seed materials as compared t o  the  hydrogen dens i ty  ( P, 
resonance o r  self-broadening w a s  negl ig ib le .  
(12) a r e  plot ted i n  Fig. 
sures  of 500 and 1000 atms. Line half-widths due t o  broadening by atomic and 
0.03 P H ~ ) ,  
The half-widths based on E q s .  (11) and 
24 as a func t ion  of temperature f o r  hydrogen t o t a l  pres-  
I 16 
molecular hydrogen as w e l l  as the t o t a l  or combined half-widths a r e  shown. 
half-width resu l t ing  from molecular hydrogen broadening decreases with an increase 
i n  temperature due t o  the increasing dissociation of the molecular hydrogen as 
the  temperature i s  raised. Similarly,  t he  half-width resu l t ing  from atomic hydro- 
gen broadening increases with an increase i n  temperature up t o  approximately 
8000 K, but decreases with an increase i n  temperature above approximately 8000 K 
(due t o  subsequent ionization of the atomic hydrogen). 
The 
The r e s u l t s  shown i n  Fig. 24 were used t o  compute t h e  r a t i o  of t h e  l i n e  half- 
width t o  l i n e  spacing i n  tungsten as a functior, of temperature, These calculated 
r e s u l t s  a r e  i l l u s t r a t e d  i n  Fig. 25. Although t h e  minimum average l i n e  spacing 
calculated f o r  tungsten was t h e  order of 13 cm-1 (see Fig.  21), a value f o r  the 
average spacing of approximately 43 was used t o  allow for t h e  f a c t  t h a t  the wave 
number range t rea ted  i n  the  model considerably exceeds t h a t  shown i n  Fig. 21 
Spectral  Absorption Parameter and Rosseland Mean 
Opacity Parameter of Gaseous Tungsten 
Fieire 26 i l l i~ .s t ._r~_t ,ps t .hp s9ect.ra.l 8 .hsn rp t . i~n  pr&met.er ( d e f i n e d  as t h e  spec- 
t r a l  absorption coeff ic ient  i n  cm-1 divided by t h e  mass density) of gaseous tung- 
s t e n  f o r  two temperatures (10,000 and 15,000 K )  based on the heavy-atom model 
assuming completely overlapped l i n e s .  However, t he  spec t ra l  absorption parameters 
a t  low wave numbers a r e  i n  doubt because of t h e  r e s u l t s  shown i n  Fig. 22. These 
r e s u l t s  were used t o  compute the Rosseland mean opacity parameter ( i n  cm2/gm) f o r  
t he  completely overlapped l i n e  model as  i l l u s t r a t e d  by the  upper curve i n  Fig. 27. 
The lower curve i n  Fig. 27 is  the Rosseland mean opacity parameter of gaseous 
tungsten allowing f o r  a non-overlapping l i n e  s t ruc ture  as determined from t h e  
r a t i o  of l i n e  half-width t o  l i n e  spacing (Fig. 25) and t h e  r e s u l t s  i n  Fig. 20. 
(Note t h a t  t h e  use of the correction factor  i n  the Rosseland mean absorption 
parameter implies t h a t  it i s  va l id  f o r  the e n t i r e  spectrum, although it is  
a c t u a l l y  applicable only t o  the  bound-bound s p e c t r a l  region. ) 
A t  a temperature of 5600 K (approximate boi l ing  point of tungsten) t h e  r a t i o  
of Rosseland mean opacity parameter assuming completely overlapped l i n e s  t o  the 
Rosseland mean opacity parameter corrected f o r  non-overlapping l i n e  e f f e c t s  i f  of 
t he  order of 1 .3 .  
and r e f l e c t s  t h e  decrease i n  r (see Fig. 24) with an increase i n  temperature. 
A t  a temperature of 15,000 K t h i s  r a t i o  i s  of the order 2.6 
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LIST OF SYMBOLS 
a ,  Energy l e v e l  spacing i n  heavy-atom model, ev 
0 Constant = 3 ~ / 8  
al? Rosseland mean opacity,  cm-l (see Eq. (8))  
O W  Spect ra l  absorption coe f f i c i en t  without s t imulated emission, cm-l 
* 
O W  Spect ra l  absorption coe f f i c i en t  w i t h  s t imulated emission, cm'l 
- a 
ALL LINES 
b R  Rosseland mean opaci ty  parameter, c$/gm 
b: Spect ra l  absorpt ion parameter with s t imulated emission, c&/gm 
B, Black-body funct ion (see Eq. (9))  
C Velocity of l i g h t  = 2.998 x 101o cm/sec 
E Photon energy, ev 
( E0Ii Cut-off energy f o r  ion iza t ion  spec ies  I used i n  o s c i l l a t o r  s t r eng th  
es t rapola t ion ,  ev 
th 
E " ) i  Energy of t he  n l e v e l  i n  ion iza t ion  spec ies  i of t he  heavy-atom 
model, ev 
t h  
f i Total  o s c i l l a t o r  s t r eng th  of t h e  i i on i za t ion  species  
Fo, Ft, F" ,Fttt Denote var ious f u e l  i on iza t ion  spec ies  
G Par t i t i on  funct ion parameter used i n  heavy-atom model (See Eqs. (2) 
and ( 3 ) )  
h Planck's constant = 6.6237 x 10-27 erg-sec 
20 
* i  
k 
K 
n 
Ne 
Ni  
NP 
Qi 
S 
T 
w 
wo 
Subscripts  
0 
e -  
l 
th  
Ioniza t ion  po ten t i a l  of t h e  i i on iza t ion  species,  ev 
Boltzmnn constant = 1.380 x 
A constant (see Eq. (2) )  
Quantum number def ining a n  energy l e v e l  i n  t h e  heavy-atom model 
Electron p a r t i c l e  density,  cm-3 
P a r t i c l e  densi ty  of i t h  ion iza t ion  species,  cm-3 
P a r t i c l e  dens i ty  of a per turber  species,  cm-3 
P a r t i t i o n  funct ion of t h e  i t h  i on iza t ion  species  
erg/deg K 
Line spacing, cm-1 
Temperature, K 
Relative ve loc i ty  of per turber  and absorber, cm/sec 
Ioniza t ion  p o t e n t i a l  from the nth energy l e v e l  of spec ies  I ,  ev 
'veisskopf phase," a constant c= 1.0 
Van der Waal's p o t e n t i a l  funct ion coef f ic ien t ,  cm6/sec 
Spec t ra l  l i n e  half-width, cm- 1 
b s s  density,  @/ern3 
Wave number, cm'l 
Wave number a t  l i n e  center ,  cm'l 
Absorber species  
Electrons 
Ioniza t ion  species  
2 1  
D- 910092-4 
P 
W 
22 
Perturber species 
Spectral quantity 
D - 910092 -4  
5 
a, 
ri 
0 0 0  0 0 0  0 0 0  . . .  . . .  . . .  0 
+ + + 
LL 
C 
0 0 0  0 0 0  0 0 0  0 0 0  . . .  . . .  . . .  & c ; &  r i r l r l  c u c u c u  c u c u c u  ?c c, 
a 
k 
.? 
+ + 
L L  c 
0 0 0  0 0 0  O O L n  0 0 0  . . .  . . .  . . .  
c u c u c u  dr-lr l  c u c u r l  c ; c ; o ;  
+ 
LL 
c 
0 0 0  0 0 0  0 0 0  0 0 0  . . .  . . .  . . .  
c u c u c u  r l r l d  c u c u r l  & c ; o ;  
d 
.rl 
0 
m 
0 
G 
0 0 0  0 0 0  O O L n  0 0 0  . . .  . . .  . . .  
c u c u c u  A r i r i  cucuo cucucu 
0 
LL 
c 
+ + + 
k .  
D 
+ + 
LL 
0 
O O L n  O O L n  0 0 0 0 0  3cuo  * N O  3 m c r ) f  3-33 . . .  . . .  . . .  . . .  
0 0 0  0 0 0  0 0 0  0 0 0  
+ 
LL 
O O L n  O O L n  0 0 0 0 0  
0 0 0  0 0 0  0 0 0  0 0 0  
3cuo -3cuo 3 c u 3  33.3 . . .  . . .  . . .  
0 
O O L n  O O L n  0 0 0 0 0  
A-cuo 3cuo 3 d - 3  3 3 3  
0 0 0  0 0 0  0 0 0  0 0 0  
. . .  . . .  . . .  . . .  0 LL 
0 
+ + + 
LL 
H 
si: 
0 0 0  0 0 0  0 0 0  O O W  . . .  . . .  . . .  . . .  
0 0 0  0 0 0  0 0 0  0003 + + 
LL 
H 
. . .  . . .  . . .  . . .  
+ 
LL 
H 
0 0 0  0 0 0  0 0 0  0 0 4  . . .  . . .  . . .  . . .  
0 0 0  0 0 0  0 0 0  ocuc-  
r - l r - l r l  r - l r l r l  r l r i r i  r i 4 r - l  
0 0 0  0 0 0  0 0 0  o o r i  
u l u w  uluu w u u l  w u w  
. . .  . . .  . . .  . . .  0 LL 
H 
F: 
0 
H 
* 
Q) 
LI) 
K! c 
0-910092-4 
Ln 
t- 
N 
5 
m m 
'u 
m 
- 
8 
Ln 
F: 
'9 
L u  
! 
N 
f 
F 
N 
~ 
m 
? 
N 
6) t 
v\ f
m 
"! 
t- W 
'9 
2 
m 
;f 
N 
0 N 
2.4 
0-910092 - 4  
H 
H 
H 
8 
2 
. . .  
k d  
m m m  
P m r l  
Z M Z  
s .z Y 
aJ 
M 
2 
k 
w r l  
P I  
2 
aJ > 
$ E ,  
9 
m 
k Q J  
25 
D -910092 -4 FIG. I 
ENERGY LEVEL DIAGRAM FOR THE HEAVY -ATOM MODEL 
th 
( i  - REFERS TO i IONIZATION SPECIES) 
n = OUANTUM NUMBER 
t t  
I, IONIZATION POTENTIAL (GROUND STATE) 
( X  
th 
i = IONIZATION POTENTIAL ( n  EXCITED S T A T E )  
n z n  
n = 2  
1 a, = ENERGY LEVEL SPACING 
( A E " , ~ I ) , =  TRANSITION ENERGY BETWEEN STATES n AND n 
n - I  
I 
1 n z o  
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EFFECT OF TEMPERATURE ON THE CALCULATED 
PARTITION FUNCTIONS DERIVED FROM ENERGY LEVEL 
DISTRIBUTION EMPLOYED IN HEAVY - ATOM MODEL 
RESULTS SHOWN WERE CALCULATED FOR IONIZATION POTENTIALS 
AND ENERGY LEVEL SPACING FOR CASE I ,  AND WERE USED TO 
COMPUTE PARTITION FUNCTION RATIOS SHOWN IN FIG. 4 
Q i  = f;' e x p { - ( E n I i / k T }  
( E n ) i  - ENERGY OF THE n t h  LEVEL IN IONIZATION 
SPECIES i O F  THE HEAVY-ATOM MODEL 
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AVERAGE VALUE OF O i + , / O i  AT EACH TEMPERATURE 
EOUAL TO PARTITION FUNCTION PARAMETER G ,  FOR 
CASE I O  SHOWN IN FIG. 5 
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EFFECT OF TEMPERATURE ON PARTITION FUNCTION 
PARAMETERS EMPLOYED IN CALCULATION OF 
NUCLEAR FUEL COMPOSITION 
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COMPARISON OF THE EFFECT OF TEMPERATURE ON 
THE COMPOSITION OF NUCLEAR FUEL FOR DIFFERENT 
VALUES OF THE PARTITION FUNCTION PARAMETER USED IN 
THE HEAVY-ATOM MODEL AT IOOOATM TOTAL PRESSURE 
SEE FIG. 5 AND TABLE I 
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COMPARISON OF THE EFFECT OF TEMPERATURE 
ON COMPOSITION OF NUCLEAR FUEL FOR DIFFERENT 
AT 100 ATM TOTAL PRESSURE 
IONIZATION POTENTIALS USED IN THE HEAVY - ATOM MODEL 
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COMPARISON OF THE EFFECT OF TEMPERATURE 
ON COMPOSITION OF NUCLEAR FUEL FOR DIFFERENT 
IONIZATION POTENTIALS USED IN THE HEAVY - ATOM MODEL 
AT 500 ATM TOTAL PRESSURE 
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COMPARISON OF THE EFFECT OF TEMPERATURE 
O N  COMPOSITION OF NUCLEAR FUEL FOR DIFFERENT 
IONIZATION POTENTIALS USED IN THE HEAVY- ATOM MODEL 
AT 1800 ATM TOTAL PRESSURE 
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FIG. IO  
COMPARISON OF EFFECT OF WAVE NUMBER ON SPECTRAL 
ABSORPTION COEFFICIENT OF NUCLEAR FUEL FOR VARIOUS 
PARAMETRIC CHANGES IN THE HEAVY -ATOM 
MODEL AT 20,000 DEG K 
TOTAL PRESSURE : 1000 ATM 
NUMERALS ON CURVES REFER TO CASE NUMBERS 
LISTED IN TABLE I 
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COMPARISON OF EFFECT O F  WAVE NUMBER ON SPECTRAL 
ABSORPTION COEFFICIENT O F  NUCLEAR FUEL FOR VARIOUS 
PARAMETRIC CHANGES IN THE HEAVY -ATOM 
MODEL AT 60,000 DEG K 
TOTAL PRESSURE = 1000 ATM 
NUMERALS ON CURVES REFER TO CASE NUMBERS 
LISTED IN TABLE I 
5 
2 
- 
I 
I u ' IO2 
* 3  
0 
c 
+ 5  
4! 
z 
0 
LL 
LL 
W 
0 
0 
z 
0 
I- 
LL 
- 
2 
- 
n 
8 IO1 
a 
a 
z: 
J 
LL 
l - c  
a 
v) 
c 
i 
0 
IO 
2 
lo3 
I -- 
i 
L 
5 
WAVE 
2 
lo4 
- I  
NUMBER, w - CM 
5 2 to5 
36 
D - 910092 - 4 FIG. 12 
COMPARISON OF EFFECT OF WAVE NUMBER ON SPECTRAL 
ABSORPTION COEFFICIENT OF NUCLEAR FUEL FOR VARIOUS 
PARAMETRIC CHANGES IN THE HEAVY - ATOM 
MODEL AT 100,000 DEG K 
TOTAL PRESSURE = 1000 ATM 
NUMERALS ON CURVES REFER TO CASE NUMBERS 
LISTED IN TABLE I 
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COMPARISON OF THE EFFECT OF WAVE NUMBER ON THE 
SPECTRAL ABSORPTION COEFFICIENT OF NUCLEAR FUEL FOR 
DIFFERENT IONIZATION POTENTIALS USED IN THE HEAVY- ATOM 
MODEL AT 100 ATM TOTAL PRESSURE 
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COMPARISON OF THE EFFECT OF WAVE NUMBER ON THE 
SPECTRAL ABSORPTION COEFFICIENT OF NUCLEAR FUEL FOR 
DIFFERENT IONIZATION POTENTIALS USED IN THE HEAVY - ATOM 
MODEL AT 500 ATM TOTAL PRESSURE 
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COMPARISON OF THE EFFECT OF 
SPECTRAL ABSORPTION COEFFICIENT 
DIFFERENT IONIZATION POTENTIALS 
FIG. 15 
WAVE NUMBER ON THE 
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MODEL AT 1000 ATM TOTAL PRESSURE 
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EFFECT OF TEMPERATURE ON THE RATIO OF ROSSELANO 
M E A N  OPACITY FOR CASES 7, I I  A N D  12 TO THE ROSSELANO 
MEAN OPACITY FOR CASE I 
TOTAL PRESSURE = 1000 ATM 
NUMERALS ON CURVES REFER TO CASE NUMBERS LISTED IN TABLE I 
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COMPARISON OF THE EFFECT OF TEMPERATURE ON THE 
ROSSELAND MEAN OPACITY OF NUCLEAR FUEL FOR DIFFERENT 
IONIZATION POTENTIALS USED IN THE HEAVY -ATOM MODEL 
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SPECTRAL ABSORPTION COEFFICIENT DISTRIBUTIONS 
ASSUMED IN PARAMETRIC STUDY OF HEAVY -ATOM MODEL 
BOUND- BOUND REGION ( O < W  <50,000 CM" 
ja,dw EQUAL FOR ALL DISTRIBUTIONS 
BOUND - FREE REGION ( 50,000 CM" < w < 700,000 CM" ) 
a, EQUAL FOR ALL DISTRIBUTIONS AND VARIES AS w ~ 3  
VALUE OF a, AT 700,ooo C M - 1  IS 2.92 x 10-4 C M - ~  
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COMPARISON OF THE EFFECT OF TEMPERATURE ON THE I 
ROSSELAND MEAN OPACITY FOR DIFFERENT ASSUMED 
DlSTRl BUTIONS OF SPECTRAL ABSORPTION COEFFICIENTS 
IN THE BOUND - BOUND SPECTRAL REGION 
ASSUMED VARIATION OF a, WITH w FOR EACH 
DISTRIBUTION ILLUSTRATED IN FIG. 18 
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EFFECT OF RATIO OF LINE HALF- WIDTH T O  LINE 
SPACING ON THE OPACITY CHARACTERISTICS 
OF A NON - OVERLAPPING LINE SPECTRUM 
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LOCAL AVERAGE LINE SPACING IN 1000 CM'I INTERVALS 
NIOBIUM, MOLYBDENUM AND HAFNIUM 
FROM KNOWN LINE STRUCTURE OF TUNGSTEN, ~ 
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LINE SPACING AND NEUTRON ABSORPTION CROSS - SECTION 
FOR SEVERAL HEAVY - ATOM GASES I 
I 
WHICH GIVES TOTAL NUMBER OF CLASSIFIED LINES INDEPENDENT OF LINE STRENGTHS , 
NUMBER OF LINES AND CORRESPONDING WAVE NUMBER RANGE FROM REF. 1 2 ,  
NEUTRON CROSS SECTIONS FROM REF. 13. 
NUMBEP FOLLOWING CHEMICAL SYMBOL OF EACH ELEMENT DENOTES BOILING POINT 
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FIG. 24 
I 
EFFECT OF TEMPERATURE ON THEORETICAL HALF- WIDTH 
OF SPECTRAL LINES IN TUNGSTEN GAS 
DUE TO BROADENING BY HYDROGEN 
HYDROGEN PRESSURE = 1000 ATM 
----- HYDROGEN PRESSURE = 500 ATM 
INDEPENDENT OF TUNGSTEN DENSITY FOR SMALL TUNGSTEN DENSITIES ) 
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f 
EFFECT OF TEMPERATURE ON THE RATIO OF HALF-WIDTH 
TO THE SPACING BETWEEN SPECTRAL LINES IN TUNGSTEN GAS 
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EFFECT OF TEMPERATURE ON THE ROSSELANO 
MEAN OPACITY PARAMETER OF TUNGSTEN GAS 
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